EEN, identified initially as a fusion partner to the mixed-lineage leukaemia gene in human leukaemia, and its related members, EEN-B1 and EEN-B2, have recently been shown to interact with two endocytic molecules, dynamin and synaptojanin, as well as with the huntingtin protein. In the present study, we show that the expression of the EEN gene-family members is differentially regulated. Multiple-spliced variants were identified for EEN-B2. In the brain, EEN-B1 and EEN-B2 mRNA are preferentially expressed in the cerebellar Purkinje and granule cells, dentate gyrus cells, hippocampal pyramidal neurons and cerebral granule cells. The expression patterns of EEN-B1 and EEN-B2 mRNA in the brain overlap with those of dynamin-I\III, synaptojanin-I and huntingtin, whereas the ubiquitous expression of EEN is consistent with that of dynamin-II. In testes, members of the EEN family are co-expressed with testis-type dynamin and
INTRODUCTION
The EEN family [also called the endophilin\Src homology region 3 (SH3)p\SH3GL family] is a new family of SH3-domaincontaining proteins that has recently been found to be involved in both normal and malignant cellular processes, including clathrin-mediated endocytosis [1, 2] and chromosomal translocation in human leukaemia [3] . The EEN gene family consists of at least three members, EEN, EEN-B1 and EEN-B2, which are evolutionarily conserved and show over 70 % sequence identity at the amino acid level [3] [4] [5] . Proteins of the EEN family can interact with the proline-rich domains (PRDs) of dynamin and synaptojanin via their SH3 domains [2] . These EEN proteins are also co-localized with dynamin, synaptojanin and amphiphysin in the nerve termini of rat brain, where dynamin and synaptojanin can be co-precipitated by antibodies raised against EEN family members [2] .
Dynamin is a GTPase involved in synaptic vesicle recycling. It shares similarity to the product of the Drosophila shibire gene [6, 7] , and a temperature-sensitive mutation in the shibire gene impairs the endocytosis of synaptic vesicle membrane following exocytosis, disrupting the release of neurotransmitter [8, 9] . The functional importance of dynamin in endocytosis has been illustrated further by the conformational change of the dynamin rings formed at the necks of invaginated coated pits that correlate with GTP hydrolysis, which represents a key step Abbreviations used : SH3, Src homology region 3 ; PRD, proline-rich domain ; HD, huntingtin ; poly(A) + , polyadenylated ; ISH, in situ hybridization ; dpc, days post-coitum ; GST, glutathione transferase ; RT, reverse transcriptase ; CNS, central nervous system ; SLMV, synaptic-like microvesicle ; LPAAT, lysophosphatidic acid acyltransferase. 1 To whom correspondence and offprint requests should be addressed, at the present address : Department of Pathology, Stanford University Medical Center, Stanford, CA 94305, U.S.A. (e-mail cwso!stanford.edu).
The nucleotide sequence data reported in this paper have been submitted to the GenBank2 and Human Gene Nomenclature Committee, with accession numbers for EEN-B1 and EEN-B2-L1, -L2, -L3 and -L4 of AF036268, AF036269, AF036270, AF036271 and AF036272 respectively.
huntingtin in Sertoli cells and germ cells respectively. Our results on the overlapping expression patterns are consistent with the proposed interaction of EEN family members with dynamin, synaptojanin and huntingtin protein in i o. Although all three EEN family members bind to dynamin and synaptojanin, EEN-B1 has the highest affinity for binding, followed by EEN and EEN-B2. We also demonstrate that amphiphysin, a major synaptojanin-binding protein in brain, can compete with the EEN family for binding to synaptojanin and dynamin. We propose that recruitment of the EEN family by dynamin\ synaptojanin to clathrin-coated pits can be regulated by amphiphysin.
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leading to vesicle fission from the plasmalemma [10, 11] . Synaptojanin is a type II inositol 5-phosphatase containing an N-terminal SacI domain that is homologous with the cytosolic domain of the yeast SacI protein [12] . Inositol phosphate metabolism and yeast SacI protein have been implicated in a variety of membrane-trafficking events, including endocytosis [13] . The role of SacI protein in endocytosis has been supported by the findings that it can mediate ATP transport into the yeast endoplasmic reticulum [14] , and a yeast mutant lacking synaptojanin-like genes (SJL1-L3) exhibits a severe defect in receptormediated and fluid-phase endocytosis [15] .
Both dynamin and synaptojanin bind to the SH3 domain of amphiphysin isoforms I and II [16] , proteins that were first identified in chicken synaptic fractions [17] and are concentrated in mammalian nerve termini [18] . Amphiphysin also interacts with AP2, an adaptor protein for the plasma-membrane clathrin coat [18, 19] . Mutation of the yeast homologues of amphiphysin, RVS 161 and RVS 167, results in an endocytosis defect characterized, in part, by an impairment in α-factor receptor internalization [20] . The disruption of SH3 domain interaction of amphiphysin I in living nerve-termini preparations leads to incomplete synaptic-vesicle endocytosis at the stage of invaginated clathrin-coated pits [21, 22] , highlighting the role of SH3-domain-mediated interactions in endocytosis. Notably, the EEN family of proteins, apart from amphiphysin, are the only interacting partners containing an SH3 domain enriched in presynaptic termini [2, 23, 24] . The physiological significance of the EEN family in endocytosis has been strengthened further by the finding that endophilin I (the rat homologue of EEN-B1), instead of amphiphysin, is the major synaptojanin-binding protein in the rat brain [1] .
There is emerging evidence showing that the EEN family may also be involved in the pathogenesis of Huntington's disease [25, 26] . Huntingtin (HD) protein, like EEN family members, is concentrated in the presynaptic termini, and enriched in the synaptosomal membrane fractions, together with synaptophysin, dynamin and p145, the latter of which is probably the short isoform of synaptojanin [27] . A recent yeast two-hybrid study has shown that a EEN family member interacts and co-localizes with HD protein in Huntington's disease patients [25] . SH3GL3\ EEN-B2 can specifically interact with the Huntington's Disease exon 1 protein (HDex1p), which contains a glutamine repeat in the pathological range. This interaction promotes the formation of insoluble polyglutamine-containing aggregates in i o, and is induced by the length of polyglutamine sequence in HDex1p. The strong and specific binding of EEN-B2 to the HD fragment with an elongated polyglutamine repeat has been suggested to promote the formation of fibrillar structures in neurons, leading to a selective neuronal degeneration in distinct regions (including the cortex and striatum) of the brain of Huntington's disease patients [25] .
It has also been shown that the expression and regulation of endocytic molecules that are known at present, including dynamin, synaptojanin and amphiphysin, are very complex [16, 23, [28] [29] [30] . Multiple-splice-variant transcripts are differentially expressed in various tissues, and some splice variants of dynamin have different subcellular localization patterns and functions [31] . However, little is known about the expression and regulation of the EEN family and their interactions with other endocytic molecules. In the present study, we identified three novel splice variants of the EEN-B2 gene that are differentially expressed in various tissues. We also characterized the expression domains of EEN family members in various human and mouse tissues at different developmental and adult stages, and their binding properties to dynamin and synaptojanin. Our results clearly demonstrate that the expression patterns of the EEN family in the nervous tissue overlap with those of dynamin, synaptojanin and HD, and support their interaction in i o.
EXPERIMENTAL
Library screening and DNA sequencing EEN cDNA and human expression tag (EST) clones (H50251, H20385 and H19489) encoding EEN-related sequences were labelled with $#P to screen a human fetal-brain cDNA library under low-stringency hybridization and washing conditions [32] . Positive clones were isolated and converted into pBluescript phagemids for restriction mapping and DNA sequencing. All sequencing was performed using fluorescently labelled dideoxy terminators on a 377 Applied Biosystems automated sequencer. The DNA sequence was assembled and analysed, and both the nucleotide and predicted open reading frames were compared with public databases using various online and network facilities.
Amplification of EEN-B1 and EEN-B2 from brain RNA and genomic DNA
Total RNAs were extracted from normal human adult brain, 10-week fetal brain and brain medulloblastoma, and subjected to reverse transcription with random hexamers. Except for EEN-B2-L1 and EEN-B2-L2, which were amplified using the same set Table 1 ; see also Figure 1 . EEN-B2-L1 and EEN-B2-L2 transcripts, which differed from each other by a 7-bp deletion in EEN-B2-L2, were distinguished by their different mobility on gel electrophoresis, and confirmed by DNA sequencing. RNA quality was assessed by comparative actin PCR using actin-specific primers. Each actin PCR consisted of 62.5 fg of internal-template control, which would produce a fragment of size approx. 400 bp that was 100 bp larger than the band amplified from human actin cDNA (see Figures 3a and 3c) . A genomic fragment of EEN-B2 flanking the 7-bp deletion found in EEN-B2-L2 was amplified by EEN-B2(2f) and EEN-B2(4r) from human genomic DNA. The amplified fragment was cloned into pGEM-T vector, and partially sequenced from both ends.
Gene expression studies by Northern blot hybridization and PCR analysis
Polyadenylated [poly(A) + ]-selected human and mouse RNA multiple-tissue Northern blots (Clontech, Palo Alto, CA, U.S.A.) were hybridized with a cDNA probe derived from specific coding sequence or the 3h-untranslated regions of the genes. Probes used for hybridization included : (i) a 1.6-kb PstI fragment spanning part of the coding and 3h-untranslated region of EEN ; (ii) a 2.8-kb probe covering the coding and part of the 3h-untranslated region of EEN-B1 ; and (iii) a 400-bp EEN-B2 probe derived from the 3h-untranslated region shared by EEN-B2-L1, EEN-B2-L2 and EEN-B2-L3. The probes used for mouse blots were essentially the same as those used for in situ hybridization (ISH ; see below). Hybridization was performed under standard highstringency conditions [32] . The expression of EEN-B1 and each of the EEN-B2 transcripts was examined by PCR on a human multiple-tissue cDNA panel (Clontech). In each PCR reaction, approx. 0.4 ng of cDNA from different tissues, previously normalized with six different housekeeping genes, was amplified using 2.5 pmol of gene-specific primers. These primers were similar to those used for the amplification of EEN-B1 and EEN-B2 transcripts from brain tissues, with one exception, i.e. amplification of total EEN-B2 transcripts (ALL EEN-B2), in which primers EEN-B2(3f) and EEN-B2(1r) were designed from the common sequence shared by all four EEN-B2 transcripts (Table 1 ; also see Figure 1 ). The qualities and normalization of the cDNA panel were assessed by comparison with actin PCR.
ISH
The same murine cDNA templates (kindly given by B. Kay, University of Wisconsin-Madison, Madison, WI, U.S.A.) were used for both whole-mount and section ISH. Riboprobes used for ISH included : (i) a 2-kb fragment covering the coding sequence and both 5h-and 3h-untranslated regions of SH3p8\ endophilin II (murine EEN) ; (ii) an 800-bp fragment spanning part of the coding sequence and 5h-untranslated region of SH3p4\endophilin I (murine EEN-B1) ; and (iii) a 900-bp probe covering part of the coding sequence and 3h-untranslated region of SH3p13\endophilin III (murine EEN-B2). Whole mount embryo ISH was performed as described previously [33] using digoxigenin-labelled UTP as a substrate for the transcription of probes in itro. Embryos at 8.5-and 9.5-days post-coitum (dpc) were collected from FBB mice and fixed in 4 % (v\v) paraformaldehyde overnight before protease K treatment. After overnight hybridization at 65 mC, the embryos were washed three times at 65 mC with 0.2iSSC (where 1iSSC is 0.15 M NaCl\ 0.015 M sodium citrate) for 30 min each. Hybridization signals were detected by ELISA using anti-digoxigenin alkaline phosphatase and X-phosphate\Nitro Blue Tetrazolium. Section ISH was performed using $&S-radiolabelled riboprobes, according to a standard protocol. Mouse embryos or tissues were snap-frozen in liquid nitrogen and then fixed in 4 % (v\v) paraformaldehyde for 20 min. Overnight hybridization was performed at 55 mC with a probe concentration of 1i10) c.p.m.\ml. Non-specific probe binding was washed off at 55 mC with 2i and 0.2iSSC for 60 min each. The slides were dipped into emulsion (Amersham Pharmacia Biotech., Little Chalfont, Bucks., England) and exposed for 2-4 weeks before signal development. The sections were counter-stained with haematoxylin and eosin, and silver granules were examined under both a light microscope (Axiophot ; Zeiss, Cologne, Germany) and a stereomicroscope (SV11 ; Zeiss).
Production of glutathione S-transferase (GST) fusion protein and in vitro-synthesized proteins
SH3 domains of EEN family members (EEN, EEN-B1 and EEN-B2), human amphiphysin I (Genbank2 accession no. U07616 ; 590-695 amino acids), amphiphysin II (GenBank2 accession no. U87558 ; 496-593 amino acids ), and RasGAP (GenBank2 accession no. M23379 ; 274-347 amino acids) were amplified by PCR on appropriate cDNA templates, and cloned in-frame into pGEX vectors that express recombinant GST fusion proteins. Constructs were verified by DNA sequencing prior to the expression of the GST fusion protein in the host strain DH5α upon isopropyl β--thiogalactoside induction using a standard method. Various deletion constructs of EEN-B2 were also amplified and cloned into pGEM-T vectors for protein synthesis in itro. Human dynamin-I and the rat synaptojanin 145-kDa isoform were kindly given by De Camilli (Yale University, New Haven, CT, U.S.A.). Following column purification (Qiagen, Hilden, Germany), 1 µg of each plasmid DNA was expressed using the TNT-coupled reticulocyte lysate system (Promega, Madison, WI, U.S.A.) according to the manufacturer's instructions. All protein products were analysed on an SDS\12 % (w\v) polyacrylamide gel, and subjected to autoradiography or immunoblotting using an anti-GST antibody.
Competitive GST binding assays
GST fusion proteins (1 µg) were preincubated with glutathionine-Sepharose beads (Amersham Pharmacia Biotech) in NETN buffer [0.5 % (v\v) Nonidet P-40\20 mM Tris\HCl (pH 8.0)\100 mM NaCl\1 mM EDTA] for 60 min at 4 mC, and subsequently used for protein competitive-binding assay : $&S-labelled in itro-synthesized dynamin\synaptojanin was added with 1, 5, 25 or 50 µg of competitor proteins to the beads. These proteins were synthesized as GST fusion proteins, except that the GST portions of the fusion proteins had been removed by factor Xa (Amersham Pharmacia Biotech) digestion according to the manufacturer's instructions, so they could not bind to the glutathionine-Sepharose bead. After a 90-min incubation at 4 mC, the beads were washed five times in buffer H [20 mM Hepes (pH 7.7)\50 mM KCl\20 % (v\v) glycerol\0.1 % (v\v) Nonidet P40\0.007 % 2-mercaptoethanol]. Bound proteins were eluted by boiling in SDS\PAGE loading buffer, resolved by electrophoresis and detected by autoradiography. All competitive binding assays were repeated at least twice to confirm the results.
RESULTS

Cloning of the EEN gene family
Using EEN-related sequences to screen a human fetal-brain cDNA library, several overlapping clones containing EEN homologous sequence were identified. Sequence analysis indicated that these clones could be aligned to form five major contigs. Four of these (subsequently referred to as EEN-B2-L1 to EE2-B2-L4) appeared to be derived from a single gene (EEN-B2) and the fifth was referred to as EEN-B1, on account of their preferential expression in brain (described below). The three members of the EEN protein family, EEN, EEN-B1 and EEN-B2, share over 70 % amino acid sequence identity and highly homologous C-terminal SH3 domains (with 80 % amino acid identity). These have also been identified by degenerative PCR amplification, and named as SH3GL1, SH3GL2 and SH3GL3 respectively [5] . BLAST homology searches revealed that EEN, EEN-B1 and EEN-B2 are the human homologues of the mouse endophilin II, endophilin I and endophilin III [4] . The identity between each of the human and mouse homologues is over 85 % at the nucleic acid level, and 90 % at the amino acid level.
Identification of variant transcripts of EEN-B2
During the course of cDNA library screening, four highly related cDNA clones encoding EEN-B2 were identified. Sequence analysis and restriction mapping revealed that they represent four different types of EEN-B2 transcripts, i.e. EEN-B2-L1, -L2, -L3 and -L4 (Figure 1 ). These transcripts could arise from the utilization of alternative transcriptional start sites and splicing variations. Compared with other transcription variants of EEN-B2, EEN-B2-L1 equivalent to EEN-B2 in Figure 1 shows highest overall sequence homology with transcripts of EEN and EEN-B1. Conceptual translation of the EEN-B2-L1 cDNA sequence revealed that the longest open reading frame codes for a 40-kDa polypeptide containing an SH3 domain at the C-terminus and several in-frame, internal methionine codons (AUG I -IV in Figure  1 ). EEN-B2-L2 is similar to EEN-B2-L1, apart from a 7-bp deletion upstream of AUG II , which could result in a frameshifted translated protein product. (This -L2 transcript was also represented by the EST clones with accession numbers H50251, H20385 and H19489.) Interestingly, the EEN-B2-L2 transcript could encode an N-terminal-truncated protein retaining the functional SH3 domain if internal methionines (AUG II -AUG IV ) downstream of the deletion were utilized as initiation codons. The EEN-B2-L3 transcript differs from EEN-B2-L1 in having a 513-bp fragment with multiple stop codons between the putative starting methionine (AUG S ) and the first internal methionine (AUG I ) of EEN-B2-L1 (Figure 1) . However, the 513-bp insertion would introduce a new in-frame methionine (AUG †), which could be used to make a protein product with a new 22-aminoacid sequence which might replace the first 15 amino acids encoded in EEN-B2-L1. The EEN-B2-L4 transcript was the longest, with additional non-coding sequence at the 5h-end and an alternative 3h-sequence, which would lead to the replacement of the SH3 domain (Figure 1 ).
Alternative translation initiations for EEN-B2 transcripts
In order to test whether any of the internal methionine codons in EEN-B2 transcripts could be used for translation initiation, in itro transcription and translation assays were performed. The EEN-B2-L1 cDNA clone yielded three protein bands ( Figure 2 ) : a faint 40 kDa band that is likely to be initiated from the putative start codon, AUG S (Figure 1 ), and two strong but smaller protein bands, most likely resulting from initiation from the first and second internal methionine codons (AUG I and AUG II respectively). The use of these two internal methionines was confirmed by testing two types of EEN-B2-L1 cDNA deletion constructs in the assay. With EEN-B2-∆1st Met (in Figure 1 , the EEN-B2-L1 cDNA clone with deletion of 5h sequence, including the AUG S codon), the two smaller protein bands were produced, whereas only the smallest band was present when EEN-B2-∆2nd Met (in Figure 1 , the EEN-B2-L1 cDNA clone with both AUG S and AUG I deleted) was used ( Figure 2) . From the intensities of the bands observed, we conclude that AUG I and AUG II function more efficiently than the AUG S codon in itro. When the EEN-B2-L3 cDNA clone was tested, three protein bands of similar intensities were produced ; two smaller proteins were initiated from AUG I and AUG II , and the third of approx. 41 kDa was possibly from the new methionine codon AUG † (Figure 1 ) within the unique 513-bp sequence. When the EEN-B2-L2 cDNA
Figure 2 Analysis of protein encoded by different clones of the EEN family
Major protein products with sizes corresponding to those encoded by the longest open reading frame were generated for EEN and EEN-B1 clones. Multiple protein products were produced for EEN-B2 clones. Molecular sizes of the proteins are given in kDa to the left of the gel. The structures of EEN-B2 clones used are shown in Figure 1 . EEN-B2-∆1st met and EEN-B2-∆2nd met, EEN-B2 with the first or first and second methionines deleted, respectively.
clone was used, a polypeptide of approx. 31 kDa was observed.
On the basis of the size of the predicted protein product, this could result from the use of the fourth internal methionine, AUG IV , as an initiation codon. We believe that the preferential use of the fourth internal methionine as the initiation codon is the result of a better match to the ACCATGG Kozak consensus sequence [34] . There is also a weak 23-kDa band from EEN-B2-derived transcripts that could be an N-terminal-truncated product upon utilization of an internal initiation codon. Together with the alternative splicing patterns of the EEN-B2 gene, our data indicate the presence of complex regulation of the EEN-B2 gene at the levels of both transcription and translation. In contrast, EEN and EEN-B1 cDNAs generate only a single major protein product corresponding to the longest open reading frame (Figure 2 ), although these four internal in-frame methionines of EEN-B2 are conserved in EEN and EEN-B1 sequences.
Amplification of EEN-B2 transcripts (-L1 to -L4) from human brain tissues
To study the expression of EEN-B2 variants in human brain, PCR amplification was performed with specific primers for each transcript in normal adult and fetal brain, and medulloblastoma ( Figure 3A ). Transcript-specific primer pairs for EEN-B2-L3 and EEN-B1 resulted in the amplification of RNA transcripts from all three samples, but not in the control genomic DNA. The EEN-B2(1f) and EEN-B2(2r) primer pair, which flanked the 7-bp deletion identified in EEN-B2-L2, resulted in the amplification of doublets from the brain samples. Sequence analysis showed that the lower band of 372 bp was derived from the EEN-B2-L2 transcript, which had a 7-bp deletion, whereas the upper band of 379 bp was amplified from EEN-B2-L1 ( Figure 3A) , confirming the presence of these two transcripts. However, EEN-B2-L4-specific primers did not generate a PCR product, indicating that the cDNA clone might represent an incompletely processed form of EEN-B2.
EEN-B2-L2 is generated using an alternative 3h-splice acceptor site
In order to distinguish whether EEN-B2-L2 was derived from alternative splicing of EEN-B2-L1 or from a separate EEN-B2-like gene, PCR analysis was performed on human genomic DNA using another pair of transcript-specific primers, EEN-B2(2f) and EEN-B2(3r), flanking the 7-bp deletion of EEN-B2-L2 (Figure 1) . A DNA fragment of 3.2 kb was amplified and sequenced. Comparison of the DNA sequences of this fragment with the EEN-B2-L1 cDNA indicated the presence of a 3.1-kb intron with perfect 5h-and 3h-splice sites at the junctions (GT-AG consensus) (Figure 1 ). At the 3h-splice site, the sequence was aag\CATACAG\ (potential 3h-cryptic splice sites are shown underlined and in italics), suggesting that there are two potential alternative splice junctions (Figure 1 ), of which the second with a 5h cytosine (C) could be preferred to the first one with adenosine (A) in front of the consensus AG splice sequence. This is also consistent with the scanning model of RNA splicing [35] , and suggests that differential splicing at these two sites would produce two transcripts differing by 7 bp. Thus the EEN-B2-L2 transcript is likely to be an alternatively spliced form that is 7 bp shorter than EEN-B2-L1.
Expression of EEN-B1 and EEN-B2 transcripts is spatially and temporally specific
The expression of EEN, EEN-B1 and EEN-B2 was examined in Northern blots of poly(A) + RNA from different human and mouse tissues ( Figure 3B ), as well as by reverse transcriptase (RT)-PCR analysis on human multiple tissue cDNA panels ( Figure 3C ). In contrast with EEN mRNA, which was expressed ubiquitously in all adult tissues tested, EEN-B1 and -B2 mRNAs were preferentially expressed in brain and testis of adult mice, with higher levels of EEN-B1 mRNA expression in the brain and higher levels of EEN-B2 mRNA signal in the testis. Within the central nervous system (CNS), EEN-B2 and EEN mRNA were both expressed at a high level in most parts of the brain and spinal cord, whereas EEN-B1 mRNA is preferentially expressed in regions enriched in neurons, including cerebral and cerebellar cortex, occipital lobe, frontal lobe and temporal lobe, but only at a very low level in the spinal cord, corpus callosum and subthalamic nucleus. Using RT-PCR analysis, EEN-B1 was found to be expressed weakly in most non-neuronal tissues, but not in adult colon or leucocytes ( Figure 3C ).
EEN-B2 variant transcripts were differentially expressed in various tissues
To investigate whether the various EEN-B2 transcripts were differentially expressed, PCR analysis was performed using primers specific for individual EEN-B2 transcripts. When EEN-B2(1f) and EEN-B2(2r) primers were used, doublets were amplified from all the tissues in which these transcripts were expressed, including adult brain, testis and thymus. In each doublet, the intensity of the smaller band, corresponding to EEN-B2-L2, was much weaker ( Figure 3C ). Using EEN-B2-L3 transcript-specific primers, the tissue distribution of the EEN-B2-L3 transcript was similar to the overall EEN-B2 expression pattern ( Figure 3C , ALL EEN-B2), except that EEN-B2-L3 transcripts were present in neither adult nor fetal thymus. No signal could be amplified from any of the tissues using EEN-B2-L4-specific primers (results not shown), suggesting that this transcript is not normally expressed in those tissues that were tested.
Expression of the EEN family in mouse embryos
To examine the expression patterns of EEN family members during embryonic development, whole-mount and section ISHs of mouse embryos were performed using riboprobes transcribed from the murine homologues of the EEN family [4] . The murine EEN was widely distributed in 8.5 dpc mouse embryos and by 9.5 dpc, high levels of expression were detected throughout the entire embryo ( Figures 4A and 4B ). This expression pattern persisted in later-stage embryos (10.5, 12.5 and 14.5 dpc), as shown in Figures 4(G) , 4(L) and 4(Q). Therefore the murine EEN mRNA appears to be expressed ubiquitously during embryonic development. The expression patterns of murine EEN-B1 and EEN-B2 mRNA were very similar, and their onset of expression was much later than that of murine EEN. No expression could be detected in 8.5 or 9.5 dpc embryos by whole-mount ISH ( Figures  4D and 4E) . However, by 10.5 dpc, both murine EEN-B1 and EEN-B2 messages were observed, and their expression appeared to be confined to the developing CNS, including various parts of brain (throughout the telencephalon, mesencephalon, metencephalon and myelencephalon) and spinal cord (Figures 4H and   4I ). The expression for these two genes at this stage appeared to be stronger in the ventral region of the CNS. In addition, vascular structures, such as dorsal aorta and the epithelial surface of the branchial arches, also expressed the EEN-B1 and -B2 mRNA. At 12.5 dpc, the signals detected in the developing CNS were uniform and stronger : almost all neurons in the spinal cord and brain expressed EEN-B1 and EEN-B2. Hybridization signals could also be found in tissues of the peripheral nervous system. High levels of EEN-B1 and EEN-B2 mRNA expression were seen in the outermost layer of the cortical plate in the telencephalon (cortical neuroepithelium), as well as spinal ganglia. At the same time, weak signals were also detected in some non-neuronal tissues, including kidney, intestine and lung ( Figures 4M and 4N) . At 14.5 dpc, EEN-B1 and EEN-B2 mRNAs were strongly expressed in all neurons of the CNS, including the olfactory bulb. Signals can also be seen in the cranial ganglia of the developing nervous system, and in the developing cochlea ( Figures 4R and 4S) . At this stage, the expression levels of EEN-B1 and EEN-B2 in non-neuronal tissues, including kidney, adrenal medulla, intestine and lung, were remarkably higher than that at 12.5 dpc.
Expression of EEN family members in mouse adult brain and testis
To examine in more detail the expression of EEN family members in adult tissues, ISH on mouse tissue sections revealed that EEN-B1 and EEN-B2 mRNAs were widely expressed throughout the adult brain, including the cerebral cortex, hippocampus, cer-
Figure 4 Temporal and spatial patterns of EEN family expression during mouse embryonic development by ISH
Whole-mount mouse embryos of 8.5 (A) and 9.5dpc (B-E) were hybridized with digoxigenin-labelled mouse EEN antisense probe (A, B) , EEN sense probe (C), EEN-B1 antisense probe (D) and EEN-B2 antisense probe (E) respectively. Mouse embryos of 10.5 (F-J), 12.5 (K-O) and 14.5 dpc (P-T) were sectioned and hybridized with 35 S-radiolabelled mouse EEN antisense probe (G, L and Q), EEN-B1 antisense probe (H, M and R) or EEN-B2 antisense probe (I, N and S) respectively. All EEN, EEN-B1 and EEN-B2 probes exhibited similar results on sense probe hybridization ; only the EEN sense probe (J, O and T) was shown. Bright fields of 10.5, 12.5 and 14.5 dpc embryos were shown as (F), (K) and (P) respectively. ad, adrenal medulla ; co, cochlea ; da, dorsal aorta ; in, intestine ; ki, kidney ; lu, lung ; me, mesencephalon ; mt, metencephalon ; my, myelencephalon ; ol, olfactory bulb ; sc, spinal cord ; sg, spinal ganglia ; te, telencephalon. ebellum, brain stem, thalamus and striatum ( Figures 5C and 5D) . Highest levels of expression were detected in regions with high neuronal density, such as the cerebral cortex, cerebellum, the dentate gyrus and pyramidal cell layer of the hippocampal formation. Morphological appearance of cells showing hybridization signals suggested that both EEN-B1 and EEN-B2 are expressed in neurons ; the expression pattern of EEN in adult brain was similar to that of EEN-B1 and EEN-B2, with expression predominantly occurring in the grey matter, except for a low level of EEN expression that was detected in the white matter and the epithelium of the choroid plexus ( Figure 5B) .
In the hippocampus, the expression of EEN-B1 and EEN-B2 in pyramidal cells CA3 was much stronger that in CA1, CA2, CA4 and dentate gyrus ( Figures 5G and 5H) ; whereas EEN mRNA showed a similar level of expression in pyramidal cells of CA1 to CA4, and the dentate gyrus ( Figure 5F ). In the cerebral cortex, the expression of EEN family members were restricted to the neuronal cells of the granular layer, and were not found in the molecular layer (Figures 5J-5L ). Similar expression patterns were also found in cerebellar cortex, with predominant expression in cerebellar granular layer and Purkinje cells and weak signals in the molecular layer ( Figures 5N-5P ). Although the striatum has a low neuronal density, cells in striatum with morphological characteristics consistent with neurons expressed high levels of EEN-family-member mRNAs, whereas glial cells did not (Figures 5R-5U) .
Besides the adult brain, testis is the only mouse tissue where the three EEN family members are co-expressed ( Figure 3B) . ISH revealed that all EEN family members were highly expressed in seminiferous tubules in the testis (Figures 5V-5X ). High magnification revealed that EEN-B1 and EEN-B2 were expressed in the basal lamina of the seminiferous epithelium, containing Sertoli cells and immature spermatogonia, whereas EEN was predominantly expressed in the primary and secondary spermatocytes, although weak EEN expression could also be seen in Sertoli cells and Leydig cells (Figures 5AA-5CC ). The expression of EEN family members in Sertoli cells has been confirmed further by RT-PCR analysis using RNA extracted from primary Sertoli cell culture of purity 98 %, prepared as described previously ( [36] , and results not shown).
EEN family members and amphiphysin compete for synaptojanin and dynamin
To assess the relative binding affinity of individual members of the EEN family to their potential interacting partners, synaptojanin and dynamin, various amounts (1-50 µg) of SH3-domain proteins derived from EEN family members (EEN and EEN-B1) were used as competitors to compete with different GST fusion proteins containing the SH3 domains of EEN family members for binding with $&S-labelled synaptojanin and dynamin. Since similar results were obtained using synaptojanin or dynamin as input ; we only show here the result with synaptojanin. As shown in Figure 6 (a), B1-SH3 protein could readily compete with both GST-EEN-SH3 and GST-B2-SH3 fusion proteins for binding with synaptojanin, indicating that B1-SH3 protein has a higher affinity for synaptojanin and dynamin compared with EEN and EEN-B2. On the other hand, EEN-SH3 protein could compete only with GST-B2-SH3, and not with GST-B1-SH3, for binding with synaptojanin and dynamin, whereas B2-SH3 could not inhibit any binding of GST-EEN-SH3 or GST-B1-SH3 (results not shown). These inhibitions were unlikely to be due to nonspecific binding, since no inhibition was found using 50 µg of RasGAP-SH3 protein, which exhibits a different binding specificity. The competition results suggested that the binding affinity of EEN family members to synaptojanin and dynamin, in order of decreasing affinity, was EEN-B1 EEN EEN-B2.
Since members of the EEN family, amphiphysin, synaptojanin and dynamin have overlapping domains of expression in the neural tissues, we wanted to identify whether EEN family members and amphiphysin could compete under normal circumstances for binding with synaptojanin and dynamin. Since the SH3 domains of amphiphysin I and II are known to bind to the same PRD on dynamin [37] , they were used as a positive control in the protein competitive-binding assay. We showed that amphiphysin I-SH3 protein could efficiently compete with GSTamphiphysin-II-SH3 fusion protein for synaptojanin when 25 µg of competitor protein was used (Figure 6b) . When amphiphysin-I-SH3 protein competed with GST-EEN family proteins, inhibition could be seen using 50 µg of competitor protein (Figure 6b) . Similar results were obtained using dynamin as the input (results not shown). Inhibition was not found using 50 µg of RasGAP-SH3 protein. Our results suggested that, in terms of binding affinity, amphiphysin could compete with EEN family members for binding with synaptojanin and dynamin.
DISCUSSION
The EEN family belongs to the group of SH3-domain-containing proteins, which have been implicated in many biochemical processes, including cell proliferation and differentiation, cell architecture, protein trafficking and subcellular localization, as well as the immune response to infection (for a review, see [38] ). Studies in itro and in i o have shown that the EEN family is now known to interact with dynamin, synaptojanin, endocytic proteins involved in endocytosis [1, 2] and leukaemia [3] , as well as with HD, which is implicated in Huntington's disease [25] . There are few data, however, in existence comparing the expression of the EEN family in various mouse and human tissues with that reported for dynamin, synaptojanin and HD, or from binding studies, which may reveal further insights into how the EEN family mediates various cellular functions.
Using the combination of Northern blot analysis, RT-PCR and ISH, we have shown that the EEN family members, despite high sequence and structural similarities, have distinctive but overlapping expression domains. Our data show that EEN is ubiquitously expressed in most tissues, whereas EEN-B1 is expressed mainly in adult brain and EEN-B2 is expressed in both the brain and the testis. Within the brain, the expression of EEN-B1 and EEN-B2 in the brain is highest in the neurons of the granular layer of the cerebral cortex, the internal granules and Purkinje cells of cerebellar cortex and hippocampus ; these expression patterns are parallel with those reported for dynamin-I\III [28, 39] and synaptojanin-I [40] . In the testis, EEN-B1 and EEN-B2, like testis-type dynamin, i.e. dynamin-III [29, 41] , are preferentially expressed in the Sertoli cells, which are known to elaborate endocytic processes and nurse developing germ cells. Taken together, our results support a role for the EEN family members in endocytosis in both the brain and the testis. We also show that EEN family members are not functionally redundant, and might act in different tissues at different developmental stages. This is apparent from the expression patterns of EEN-B1 and EEN-B2 ; both are expressed similarly in mouse embryos, whereas in the adult stage only EEN-B1 is expressed in the mouse adult kidney.
Our detailed studies in the brain have revealed two unexpected findings. First, there is intense expression of EEN-B1 and -B2 in the CA3 area of the hippocampus ; this is the same region where dynamin and synaptojanin are highly expressed. To date, very few numbers of molecules that discriminate between sub-populations of hippocampal cells have been identified [42] . The significance of the finding that these four different molecules are predominantly co-expressed in the CA3 area of the hippocampus is unclear ; one possibility is that they might play a role in mediating the specific synaptic functions of this discrete area in the hippocampus. Secondly, we have found that EEN-B1\-B2 and HD share similar expression patterns in both adult and fetal tissues [43] [44] [45] [46] [47] . Taken together with the observation that EEN-B2 has been found to interact with the glutamine expansion region of the HD protein and promotes the formation of insoluble polyglutamine-containing aggregates [25] , our findings suggest a link between the pathogenesis of Huntington's disease and the association of HD with EEN family members.
In our study, we have also identified three different spliced variants of EEN-B2 (L1 to L3), which all contain a C-terminal SH3 domain. EEN-B2-L1 and EEN-B2-L2 possess identical expression patterns, whereas EEN-B2-L3 is expressed only in adult brain and testis, and not in the thymus, where L1 and L2 can be detected. Interestingly, the recent study on dynamin in rat tissues using RT-PCR has also identified multiple-spliced variants with different tissue specificity [31] . Most of these dynamin variants can be found in adult brain, but not in epithelial-based tissues, except in the testis, where over half of the splice variants of dynamin II and III can be detected. One could speculate that splice variants of the EEN family and dynamin may be targeted to different cellular compartments in order to carry out their functions. This speculation is consistent with a recent study on Intersectin, a newly identified SH3-domain-containing protein with an affinity for dynamin, in which different splice variants of Intersectin with specific tissue distribution were shown to be components of the endocytic machinery in neurons and nonneuronal cells respectively [48] .
We have shown that, within the EEN family, the binding affinity of EEN-B1 to synaptojanin and dynamin is higher than that of EEN and EEN-B2. Accordingly, EEN-B1 will preferentially interact with synaptojanin in the cells (e.g. in neurons) coexpressing other EEN family members. This result is consistent with the finding of EEN-B1\endophilin I as being the major synaptojanin-binding protein in rat brain [1] . However, competition in itro can only be seen with large amounts of competitor proteins (e.g. 50 µg).
The possible role of the EEN family in clathrin-mediated endocytosis has been demonstrated by the recent finding of lysophosphatidic acid acyltransferase (LPAAT) activity of EENB1\endophilin I [49] . The LPAAT activity of EEN-B1 converts an ' inverted-cone-shaped ' lipid into a cone-shaped lipid, and induces membrane curvature, which leads to the formation of synaptic-like microvesicles (SLMVs). A C-terminal EEN-B1 mutant lacking the dynamin\synaptojanin-binding SH3 domain, but still retaining LPAAT activity, was defective in the formation of SLMVs [49, 50] . These findings demonstrated that proteinprotein interaction of EEN-B1 via its SH3 domain is essential for mediating the formation of SLMVs. In addition to the EEN family, the SH3 domain of amphiphysin also binds specifically to dynamin and synaptojanin in the presynaptic termini. Using peptide-competition assays, we demonstrate that amphiphysin I will prevent EEN family members from binding to synaptojanin and dynamin. This inhibition possibly resulted from the steric effect of these two proteins binding, since EEN family proteins and amphiphysin bind to two adjacent PRDs on synaptojanin ( [51, 52] ; C. W. So and L. C. Chan, unpublished work). Previous studies in i o [53] have shown that synaptojanin can form two separate and stable complexes in the nerve terminal, i.e. (i) synaptojanin with EEN-B1, and (ii) synaptojanin with amphiphysin and dynamin. Our finding of competitive binding between the EEN family members and amphiphysin suggest that amphiphysin may regulate the amount of synaptojanin and\or dynamin at the sites of endocytosis by controlling the availability of these proteins for the EEN family. Further studies in i o involving the overexpression of wild-type and mutant proteins of amphiphysin and EEN family members may help to address this possibility.
